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INTRODUCTION

The research undertaken under this program has been directed toward
achieving an improved understanding of the operation of porous electrodes,
particularly those flooded with electrolyte ag found in primary and
secondary batteries and fuel cells with liquid phase reactant supply.

Such an understanding can only be attained by consideration of the over-
all behavior of the electrode system in terms of the fundamental physical
and chemical processes occurring 1n‘the pores of the electrode. That has
been the approach used in this study. The influence of transport and
electrode kinetic phenomena within the electrode upon the static and
dynamic performance of the electrode has been investigated, and a procedure
for predicting electrode performance from the parameters characterizing

these basic processes has been developed.

Degcription of Porous Electrodes

- A porous electrode consists of a connected matrix of an electrically
conducting solid material interspersed with a system of connected voids,
or pores, the characteristic dimensions of which are small in comparison
with the overall size of the electrode. TFor the flooded electrodes con-
sidered here these pores are completely filled with electrolyte. One or
more exferior surfaces are maintained in contact with the bulk electro-
lyte, and electrical contact is made with the matrix.

The electrode reaction takes place glmost exclusively in th;‘pores.
The primary reactants may be supplied either in the solid matrix or in
the electrolyte, and the products may occur in either of the phases. The

reaction 1is distributed over the walls of the pores, the rate at any




point being governed by the species concentrations and potential pre-
vailing at that location. These conditions are, in turn, determined by
the transport of species (ions, etc.) and current to and from the posi-
tion in question. Thus the transport processes in the pores and the
electrode kinetic relationships for reaction rates at the pore walls
determine the distribution of reaction in the electrode and, largely

through this distribution, the performance of the electrode.

Background

Although the importance of flooded porous electrodes has been recog-
nized for many years, probably the first significant attempts at analysis
of the performance of these systems were undertaken in the late 1940's
[1,2]. 1In 1956 Ksenzhek and Stender developed a one-dimensional model
for the steady state operation of porous electrodes which embodied many
of important characteristics of most later methods of analysis [3,&]. In
subsequent years, a number of theoretical treatments of the static opera-
tion of porous electrodes have appearéd, most of them quite similar in
nature. The more important of these are discussed in a previous report
issued under this project [5]. All are based on a one dimensional model,
either expressly or by implication.

Many simplifying assumptions are, of course, invoked in the formu-
lation of all theoretical models of the flooded porous electrode. Some
appear necessary to conduct any meaningful anslysis. ©Several which have
been applied out of convenience rather than necessity restrict the range
of application of the model derived. Most important among these gre
assumptions of uniform electrolyte concentration in the pores, uniform
electrolyte conductivity in the pores, and grossly simplified electrode

kinetics (equilibrium, linear, or Tafel expressions). The theoretical



treatments which were available prior to this project all invoked one

or more of these assumptions. In doing so, they either limited applica-
tion to initial behavior of electrodes on circuit closure, for the uni-
form electrolyte cases, or to hypothetical electrode reactions which
would follow simplified kinetic laws over the wide ranges of local
current density encountered in any porous electrode. None of these
treatments considered transient effects, other than those associated
with applied alternating currents, in any quantitative manner.

A good many measurements have been reported for overall current
density-overpotential behavior of varioué porous electrode systems.
However, reports of experimental determinations of reactions distribution
in porous electrodes are very difficult to find. Coleman made some very
crude measurements with Leclanché cell electrodes [6] and Daniel-Bekh
attempted to measure potential distributions in porous electrodes (11.
Because of the experimental methods used, neither of these approaches can
be considered successful; the distributions measured were strongly in-
fluenced by the measurement techniques. Later, potential distribution
measurements for macroscopic (tube) models of pores were reported [7],
but relation to behavior in microscopic pores is difficult.

The distribution of reaction in depth in the body of a porous elec-
trode is the single most significant factor in its operation. This
distribution determines the overall performance of the electrode. How-
ever, comparison of measured overall performance with the predictions of
various theoretical models does not permit rational evaluation of these
models because sufficient adjustable parameters exist in the theories so
that most can be made to fit observed polarization data. Measurements

of current distribution are necessary for any real evaluation of the



models used and are needed for determinastion of fundamentsl electrode
parameters. The lack of reaction distribution data has hindered progress

toward more complete understanding of porous electrode operation.

Scope of the Program

The research effort of this project has been concentrsted in two
areas: the formulation of an improved theoretical model for flooded
porous electrodes, under dynamic as well as static conditions; and the
development of experimental methods for measurement of reaction distribu-
tion in electrodes with small pore dimensions.

In the theoretical investigation, a mathematical model has been de-
rived which treats transient and steady state operation of flooded porous
electrodes where no significant changes occur in the properties of the
electrode matrix during operation. This model includes consideration
of variation in electrolyte composition with position in the pores and
with time. It allows use of relatively complex local electrode kinetic
relationships including back reaction terms. Computer implemented compu-
tational procedures for prediction of electrode performance have been
developed, based upon this model. Using these techniques, we have also
investigated the effects of various simplifying assumptions in model
definition upon overall electrode performance predictions.

The experimental studies have included three approaches to reaction
distribution measurement. 1In the first, a segmented porous electrode to
stacked porous lamina was used. Difficulties in electrode fabrication
restricted the application of this technique. In the second method, a
single pore in the form of g micro-fissure with segmented walls was

employed with a redox electrode reaction. Current distributions for a



range of pore sizes have been measured in this manner, although quantita-
tive results have not been suitable for comparison with theoreticsl models.
In the last series of experiments, porous metal electrodes have been dis-
solved anodically under carefully controlled conditions, with current
distribution being determined by post electrolysis phtomicrographic
examination. This approach has shown considerable potential and is being

*
continued under other sponsorship.

*
Inorganic Materials Research Division, Lawrence Radiation Laboratory.



THEORETICAL ANALYSIS

The theoretical analysis carried out in this investigation has been
described quite completely in previous reports and other publications
[5,10,11] and will only be summarized here. This analysis has consisted
in the derivation of a one-dimensional model representing flooded porous
electrodes under both static and dynamic conditions and the development
of computational techniques, based upon the model, for prediction of

system performance.

Degeription of Porous Electrode Model

In investigating porous electrodes, one finds it very difficult to
consider the actual geometrical configuration of the matrix; most such
configurations are quite random and not easily characterized. Highly
gsimplified pore models (e.g., circular cylinders) can be considered but
are not truly representative of the structures 1nv61ved. In view of
these considerations a one dimensionalvmodel appears preferable and is
used in this study, as well as in almost all previous treatments. In
this model the configuration of the porous body is ignored, and the entire
electrode is treated as a homogeneous mascroscopic region of electrolyte
with a distributed current (and reacting species) source (gink) repre-
senting the reaction occurring ét,the electrode-electrolyte interfaces.
A1l gradients except those in the overall direction of current flow are
neglected. Thus a representation is derived in which the variables are
functions of only one space dimension, that normal to the electrode face.
This model can be valid so long as the electrode is macroscopically uni-

form and the characteristic dimensions of the matrix (pores) are small




compared to distances over which these are significant variations in
concentration or potential.

The electrolyte within (and exterior to) the electrode is composed
of an undissociated solvent and m dissolved species, j, at local

concentrations cj(gmol/cms). These species may posses a charge z, (ionic

J
species) or be uncharged. The potential at any point in the electrolyte
is ¢(V), referred to the isopotential matrix. The concentrations and
potential are functions of the single coordinate of the system, y, the
distance into the electrode from its surface facing the counter-electrode.
The other face of the electrode is taken as similarly arranged, and thus
half of the symmetric system is considered, or else assumed sealed to flow

of all species in the electrolyte.

The electrode reaction is considered in the general form

zZ,
J = -
VJMJ ne (1)

w5

where Mj are the reacting species entering with stoichiometric coeffi-
cients vj and n is the number of Faradays of charge passed per gmol of
reaction. The kinetics of this reaction are represented by a relation-

ship of the type
.5
i = f(¢,cj) (2)

where is(A/cmg) is the local transfer current density at an element of

pore wall and @ and all Cj are values at that position. Reduced to the

one-dimensional form this becomes a set of source terms for the species.
S, = - —=4 " (3)

where S, is the species source in gmol/cm3-sec and a is the specific

J

surface of the electrode in cm2/cm3.



The behavior of the electrode is determined by the transport of
The flux of any species, J, at

species and charge in the electrolyte.

any point is given in the absence of convection, by:
N, =-DVe, - z €u,c, V8 i
=J JJ J Jd3 )
where EJ is flux in gmol/cme-sec, DJ is the species diffusion coefficient
the species mobility (cm/sec-

2
(ecm™/sec), € the electronic charge, and u,
The current in the electrolyte, being carried entirely by the

dyne).
charged species, can be represented by:

mn .
cord
J

where i is the current density in A/cm2 pore cross section. Although the

(5)

potential in the solution is most properly given by the Poisson equation
(6)

c

5%

g = -

i

" L‘\/J B

where p is solution permittivity (coule/erg-cm), this relationship can be

replaced to a high degree of approximation by the electroneutrality

condition
(7)

m
=
z,c, = 0.
) s
J
By consideration of conservation of each species in the electrolyte the

basic continuity relations, upon which analysis of the electrode is

based, are developed.
(8)

dc

By conservation of charge

e e



Although the conservation equation (8), together with appropriate
boundary conditions and a kinetic expression (2) are sufficient for a
complete characterization of electrode operation, the complexity of dealing
with these equations in thelr most general form, together with a lack of
data necessary for most general treastment (e.g., ion diffusion coeffi-
cients as functions of electrolyte composition), necessitate that several
assumptions be invoked. Three have been mentioned earlier:

l. The electrode can be described by a one-dimensional approximation.

2. There is no hydrodynamic flow of electrolyte in the pores.

3. The matrix is isopotential.

In addition it is assumed that:

L, Transport parameters (e.g., Dj) are constant, independent of con-

centration, over the range of conditions existing in any electrode.

5. The relationship between local electrode reaction rate (transfer
current density) and conditions prevailing at that locality can
be represented by an explicity expression as in egn. (2).

6. The electrolyte is isothermal.

T. The effect of transport phenomena in the electrolyte exterior to
the electrode can be accounted for by an equivalent "transfer
layer" expressed as a thickness of electrode structure within

" which no electrode reaction can occur. |

8. The solid phase of the porous electrode (the matrix) undergoes
no significant modification in the course of the electrode process.

Application of these assumption to the general description of trans-
port in the porous electrode leads to the development of the theoretical
model used in this project. The one-dimensional arrangement is shown in

Fi{g. 1. Using the one-dimensional geometry and the Nernst-Einstein
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D
relation <}j = E% the conservation equation (8) become:

dc 82c de 2 av
_ j F ( ; O¢ d ¢>
6?1 = Dy - * 20y 77 5}’1 3 ¢ S EF"i £(,e;) - (10)

For the geometry considered, and for pore electrolyte initially at bulk

electrolyte concentration, the side conditions are

o
t =0; c, =c,
375
dc
_ o8 *
y=0 -FZsz( +ZJCJFy—1
J
=-%; ¢, = ®
v 5
Bc a¢

y = £; v - 6; =0 .
This system constitutes m equations in the m, cj and 2, that is in m+l
varisble. The required additional relationship is the electroneutrality
condition (7).
The specification of the parameters of the system (e.g., ¥ i,

8, £) and the kinetic expression f(ci’¢) leads, in principal, to a com-
plete description of the electrode. Solution of the simultaneous, non-
linear partial differential equations (10), however, is very difficult
indeed; egpecially for the more realistic forms of f (such as the Volmer

type expression).

Mathematical Anslysis

For mathematical analysis, the equations are conveniently put in

dimensionless form by the transformation:

I
=

-

o

t c
Y=2; 1 . S -% ;3 &= e
e
J
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where ¢e is the equilibrium electrode potential at bulk electrolyte con-
ditions and the component k is a non-reacting species present in large con-
centration. With this transformation the following dimensionlese para-

meters appear

and the equations representing the model become:

ac 8 C 2 v

1 _ 0% aqs
LD (B B delesy)
m
zzjcj _ 0 (12)
J
with: 17 =0 cﬁ=rj

Y = -A: CJ = YJ

oC

Y=1: #:%%:o.

The requirement of a current density 1* at the face of the electrode is
expressed by the integral condition:
1
f a £(8,Cc,) dY = 1 . (13)
o J
This system of non-linear partial differential equations is suffi-
ciently complex so that no analytical solutions are possible for meaning-
ful choices of the kinetic expression. The non-linegrities render
numerical solutions difficult, but such solutions can be achieved.
An implicit numerical procedure, based upon a Crank-Nicholson finite
difference representation for the parsbolic equations and an empirically

convergent iteration process over the non-linearities was developed during

this project. It is described in detsil in a previous report [5] and



has been implemented on an IBM TO94 electronic computing system.
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This

technique is applicable to any explicit kinetic expression of the form of

equation (2) and provides both transient and steady state predictions of

reaction distribution in the porous electrode and of electrode overpoten-

tial/current density behavior.

This model, and the associated computational procedure, have served

as a basis for all theoretical Investigations of this project.

Investigation of Example Electrode Systems

The calculational procedure described above was applied to the analysis

of steady state and transient behavior 1h two representative but 1dealized

electrode systems:

the metal-insoluble oxide electrode in basic solution

(1dealized cadmium anode) and the ferricyanide-ferrocyanide redox cathode

in 2N sodium hydroxide electrolyte.

The first represents an anodlc reaction

occurring in a binary electrolyte;‘the second a redox reaction in the presence

of excess inert electrolyte.

in the table:belaw;

The properties of these systems are summarized

b ————— —- ———
Metal-Metal Oxide Anode [Fe(CN)Z* Cathode
Reaction M+ 208" - M(OH,) = e Fe (CN)z3-Fe (CN)gh = e-
Electrolyte 5N KOH 2N NaCOH
Species 1/2/3/4 OH" /K* /None/None Fe(cn)g3/FE(CN)g“/Na+/OH'
21/22/23/zh -1/+1 -3/-4/+1/-1
v /v2/v3/vh +2/0 +1/-1/0/0
cm® coul 8
D F/D F/D F/DhF(gmol =) 4/2 0.5/0.5/0.8/3.2
Kinetic Parsmeters for
Volmer-type Expression
Transfer coefficient a 0.5 0.5
Exchange current den- o
sity, io(A/cm?) 10-3,107%,10"1 0.025
Electrode Parameters 4
a (em?/cm3) 10 2 x 10°

—————r——
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For both electrodes a wide range of operating current densities (0.001-1
A/cmg) were Iinvestigated. TFor the metal oxide anode varying external
transfer layer thicknesses were examined ( 0, 0.01, 0.05 cm), while for
the redox cathode several bulk concentrations of reactant and product were
studied (0.02, 0.10, 0.20 M).

The steady state behavior and the transients, following application
of constant current drain from the open circuit condition, are presented
in detail in the report cited previously [5]. Current and concentration
distributions in depth in the electrode as well as total electrode over-
potential are predicted for the steady sﬁate and at a large number of
elapsed times during the transients. The details of these results will
not be repeated here; however, the nature of this calculated behavior is
illustrated in Figs.. 2 and 3, illustrating the steady state current dis-
tribution at various current densities and the overpotential/current density
curves under several conditions for the metal-metal oxide anode, and in
Fig. L4, showing the transient behavior of several variables for one operating
condition of this electrode.* The transient process 1s shown in another
way in Fig.5 , this time for the redox cathode, by a series of reaction
distribution profiles at increasing elapsed times.

Several geners] statements can be made concerning the behavior pre-
dicted by this one-dimensional model. At steady state; operation is
characterized by a moderately to'highly nonuniform distribution of elec-
trode in depth in the electrode. This nonuniformity incresses with in-
creasing values of the parameters £ (exchange current density) and B

(operating current density). If current drain (B) is decreased the

*
The parameter £ is the dimensionless exchange current density for the

Volmer kinetic expression:
ale1
0
g —2
o}
nF chk
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Fig. 2. Reaction (current) Distribution at Steady State for
Metal-Metal Oxide Anode. £ = 50., A = 0.1.
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Fig. 3. Electrode Overpotential at Steady State for Metal-
Metal Oxide Anode.
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reaction distribution becomes more uniform only up to a point, approaching
a 1imit which still may be very nonuniform. The reaction distribution
profoundly affects the overpotential/current relationship for the elec-
trode, causing it to be related in no simple way to the overpotential
expression for the local electrode reaction.

The transient behavior sfter initiation of constant current operation
involves complex phenomena of reaction distributions which are not only
nonuniform but are changing with time. The course of the transient process
leads from a moderately nonuniform initial digtribution to a highly non-
uniform steady state over times of order 10 to 1ou seconds. The presence
of a reservoir of reactant in the pores deep in the electrode often
significantly affects the course of the process only in those parts of

the electrode where little current 1is transferred.

Polarization of Flooded Porous Electrodes

The predicted electrode overpotential/current dengity (or polariza-
tion) behavior was, as mentioned above, not simply related to the local
overpotential (kinetic) expression. Several previous, and much simplified,
treatments had resulted in simple relationships between porous electrode
behavior and that of the corresponding flat plate electrode. ©Since this
polarization is a matter of considerable interest, an investigation of
the effécts of simplifying assumptions in mathematical models and of the
electrode kinetic expression used was carried out using the calculational
procedure discussed above. The metal-metal oxide electrode described
previously was used as a vehicle for this study (with i, taken as 1072
A/cme).

The bagic electrode kinetic expression considered was the Volmer-
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type expression:

s _, [°r anFn  Sp (a-1)nF 7
i° = io lc S exp [ T - 0 exp T (1)
r D

where n is the local overpotential (¢-¢e) and the subscripts r and p
refer the reactant and product, respectively. Effects of variations in
a and io were calculated. For comparison, limiting forms of this expres-
sion at high and low overpotentials, that is the Tafel and linear type
kinetic expreessions, were also examined. The simplifying assumptions
whose effects were studied were those commonly used in most published
porous electrode analyses: uniform concentration in the electrolyte and
uniform potentisl in the electrolyte.

The detailed results of this investigation are presented elsewhere
[11]. They showed that the polarization curve for a porous electrode is
far more linear than that for the eguivalent plane electrode, as shown in
Fig. 6, and cannot be characterized by any "Tafel slope." Changes in the
values of o and io greatly influence the position and shape of this polari-
zation curve as can be seen in Fig. 7, but a linear relstion between over-
potential and log (current density) never occurs. The effect of using
limiting approximations to the Volmer kinetic expression is depicted in
Fig. 8. Since wide ranges of éonditions exist simultaneously over the
depth of an operating porous electrode, these limiting forms would not be
expected to be vaglid.

When the simplifying assumption of uniform electrolyte composition
is applied it results in predictions of polarization that are perhaps
30% low. The assumption of uniform electrolyte potential gives better
results, at least for this concentrated electrolyte, but still yields
predictions which deviate significantly from the results of the more general

analysis.
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This study of the pregliction of polarization has indicated the
necessity of analyzing each case of interest and not relying upon simple
relationships between porous electrode polarization and that of equi-

valent plane electrode.

)
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EXPERIMENTAL INVESTIGATIONS

The need for basic experimental research on the behavior of porous
electrodes has been mentioned. Due to the rather complex phenomens
involved in the dynamic behavior of actual porous electrodes, particularly
those involving solid-golid transformations, it seemed reasonable to
first undertake the investigation of systems in which the pore structure
remained unaltered in the course of charge transfer, specifically those
involving redox type reactions.

Three essentially independent experimental approaches were made;
each gimed at the determination of the nature of distribution of current
in a macroscopically homogeneous porous electrode in the direction normasl
to the electrode surface. The current density at any distance from the
surface was to be represented by the macroscopic average current density
prevailing at that particular depth. Tests of the theoretical model
described in the previous section require the experimental determination
of the current distribution as & function of the fundamental parameters
of the system, including B which is a dimensionless applied current den-

sity and € which represents the exchange current density of the electrode

reaction.
2
1*1 a t io
p=——s; E=——0:.
nF chk' nF chk

Inspection of these parameters reveals that it is not possible to
obtain dynamic similarity between an actual porous electrode having a
thickness in the order of 1 mm and & pore diameter of 1-10 microns, and
a porous structure - or a single pore - with greatly expanded dimensions.

Dynamic similarity between model and prototype requires that the
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values of parameters between the esmall and large écale system should be
identical. That this cannot be experimentally accomplished with any
known electrolyte-electrode combination is evident since the length dimen-
sion, £, is scaled by factors in which only concentration, c;; can be
independently varied; electrolyte concentrations in resl electrodes are
usually high, and further increases for scaling are limited.
Experiments were therefore designed on & scale as close to the
geometric dimensions of actual practical porous electrodes as possible.
Due to severe limitations imposed by availablé materials and machining
techniques the geometric scale up required was still in the order of
tenfold - a ratio higher than desirable.
The experimental models used were as follows:
l. Cathodic reduction of potassium ferricyanide in a segmented,
multilayer nickel wire mesh screen electrode.
2. Cathodic reduction of potassium ferricysnide in s single pore
~electrode in the form of a microfissure.
3. Anodic dissolution of a porous copper matrix under controlled
external mass transport conditions.
In the following brief description is given of the progress made with

these experimental models.

Current Distribution Multilayer Wire Mesh Electrodes

The first experimental approach in this laborstory for the measure-
ment of current distribution in porous electrodes was based on the
development of a sectioned electrode built of layers of nickel screen
in which the ferricyanide-ferrocyanide redox reaction was studied.

This work has been discussed in detail in an earlier report [12].
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Experimental Apparatus: Five to seven 150 or 250 mesh nickel screens,

with square openings of 104 and €0 microns, respectively, were sfot-welded
together to form approximately 1 mm thick electrode sections. FEach of
these compound sections was provided with a tab on one side to make
electrical contact to the exterior circuit. A "sandwich" was built of
these sections containing 5 to 10 compound screens, as shown in Fig. 9,
each pair of sections separated by two layers of porous nylon cloth of
approximately 150 micron thickness. The finsl electrode had the dimen-
sions of 2.9 x 9.9 x 1.0 (or 0.5) cm. The porosity of the assembled
sectioned electrode was T1-75% and the sfecific interfaciasl ares 160-270
cm2/cm3.

To obtain a well developed hydrodynamic boundary layer along the
electrode surface a 0.5 x 5 cm cross section, 26 cm long, lucite flow
channel was constructed, and the pérous screen electrode installed co-
Planar with the bottom of the channel at the downstream end. Opposite
the porous electrode a ceramic diaphragm led to a counterelectrode com-
partment. This apparatus is shown in Fig. 10. The electrolyte was

circulated through this channel at rates up to 4.3 gpm.

Experimental Procedure: Based on extensive experience with the
potassium ferro-ferricyanide couple [13,14], the cathodicﬂreduction of
ferricyanide was chosen as the‘electrode reaction. Freshly prepared
solutions containing 0.02 to 0.2 gmol potassium ferro- and ferricyanide
and 2 gmol sodium hydroxide per liter were used in these experiments.

The electrolyte was kept in a nitrogen atmosphere.

Constant current was passed through the cell in a circuit as depicted

in Fig. 11, and the branch currents to each of the sections measured by

potentiasl drops across calibrated resistors to determine current



Fig. 9.

Multilayer Wire Screen Electrodes.
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Fig. 10.

Flow Cell for Experiments with Multilayer Wire
Screen Electrodes.
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distribution. Although a scheme in which the resistors are variable

and can be adjusted so that the potential drop to each electrode section
is equal is highly desirable, manual balancing of 5 to 10 sections 1s
virtually impossible. 1In conduct of the experiments the prepared elec-
trode was connected as a compound cathode and installed in the channel.
Electrolyte circulation was started and after a few minutes a preset
value of constant current was applied across the cell. The branch cur-
rents were messured initially, and five minutes after the start of elec-

trolysis. After the experiment, the solution was again analyzed.

Results and Discussion: As expected from the foregoing theoretical

developments, at all levels T0-90% of the current reaction took

place in the front section of the electrode (facing the anode), and the
transfer current dropped to vanishing values in the section farthest

from the front. However, changes in the input varlables (concentration,
current, electrode thickness) were not adequately reflected by appropriate
changes in the detailed nature of the observed current distribution.
Several factors were recognized as responsible for the disappointing
performance of this system:

1. Due to the relatively large mesh, and the pockets occurring
between imperfectly welded screens, hydrodynamic flow through
the body of the poroué metrix contributed significantly to the
mass transport in the depth of the electrode. The nature and
extent of this contribution, and its effect on the current dis-
tribution, could not be determined.

2. The relatively large (up to 0.1 ohm) shunt resistances which

were required due to the small currents transferred in the
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segments 1n the back of the electrode resulted in excessively
large potential differences between the front segments (where
large currents were transferred). Although these potential drops
were successfully compensated for by appropriate modifications
of the theoretical model [12], the experimental model lost

much of its utility.

3. The flow channel used was inadequate to give fully developed
turbulent flow and no allowance for mass transfer entrance ef-
fects was made.

k. Other factors possibly contribufing to the lack of resolution
capability of this system included poisoning of the nickel
screen by impurities accumulating in the electrolyte (such as
minute quantities of oil, polymers), nonhomogeneous porosity due
to slight buckling of screens and separators, and variations in
the exchange current density, io’ due to local stresses intro-
duced by the mechanical handling and welding of the electrode.

The experiments employing the nickel screen segmented electrodes did

not yield quantitatlve data for confirmation of the theoretical models.
Combinations of factors inherent in the design of the measuring circuit,
in the construction of the screen stack, and in the choice of reacting
system are responsible for this failure. The development of the basic
circuitry for the handling of multisegmented electrodes and the concept
of the flow channel cell, together with the wealth of qualitative obser-
vations obtained in this phase of our project, have been utilized in new

efforts toward the obtaining current distribution measurements.
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Current Distribution in a Micro-fissure Single Pore Electrode

Experiments with an artificisl single pore electrode have been under-
taken to explore possible means for experimentally evaluating certain
critical assumptions made in the tieoretical models. The geometry chosen
for the single pore structure was that of a straight, rectangular fissure.
This arrangement allows the use of a small pore opening while at the same
time it retains an active electrode area large enough to result in measur-
able electrical currents. The messurements aimed at determining the cur-
rent distribution into the depth of the fissure single pore as a function
of time. |

The current distribution in the micro-fissure, chosen to represent a
straight single pore, was determined by measuring branch currents from
mutually insulated sections of two flat electrodes facing each other at
adjustable distances corresponding to typical pore diameters.

Experimental Apparatus-Electrodegs: The characteristic dimension of

any realistic pore model has to remain very small (order of 10 microns) as
mentioned previously. As a consequence, exceedingly close mechanical
tolerances are required in the construction of the electrode assemblies.

Two different types of segmented electrodes have been constructed.
Both are 5 centimeters wide; type I 1s 1 centimeter deep and divided in
the one-centimeter direction into 10 electrically insulated sections of
equal depth. Type II is 0.3 cm deep and divided into 5 sections, thus,
allowing a better spatial resolution of the current distribution over a
shorter distance. Both electrodes were prepared by bonding sheets of
pure nickel (INCO 200) alternating with an electrical insulator. Nickel
was chosen for reasons of its previous characterization as a redox-

electrode, its machinability and price. In the electrodes of type I
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the insulator was a sandblasted one-mil "Mylar" polyester film, the
adhesive a polyester cement (Du Pont 46950). The major difficulty in
bonding the electrode stacks consisted in keeping the sections electri-
cally insulated, because considerable pressure had to be applied during
the heat-curing of the adhesive in order to produce thin, uniform insu-
lating layers. The electrodes of type II employed nickel oxide layers,
formed by air-annealing of the nickel sheets, as an electric insulator
and an epoxy adhesive (Epon 826 and Versamide 140 1:1). Thus, it was
possible to use the polyester film only as a épacer in the center of the
electrode stack and expose the chemically more resistant epoxy resin to
the electrolyte. This construction also avoided the polyester adhesive
which had given rise to minute displacements between electrode sections
under mechanical stress. The thermally formed nickel oxide was found in
separate tests to be resistant to cathodic polarization.

The electrode stacks thus formed were ground and polished on their
front side to expose the active segmented electrode ares. All other faces
were insulated with an epoxy coatingQ The polishing operation proved to
be exceedingly difficult for the following reasons:

1. The electrode surfaces have to be prepared with optical polish
and flatness (1 micron) in order to result in a uniform, well-
defined fissure opening.

2. The electrode segments have to remain electrically insulated
from each other. Burrs across the separators which are easily
formed during the grinding process due to the softness of pure
nickel have to be avoided.

3. The electrode surfaces have to be at right angles to the sheet

stacks to result in a fissure of uniform opening.
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L. The electrodes must be held with a minimum of strain during the
polishing operation in order to retain their flatness after
removal from the Jig.

5. Metal and insulator sections must remain co-planar during the
polishing despite their different hardness.

After much experimentation the following technique was adopted for

preparation of the electrode surface:

l. Grinding with successively finer alundum rotating wheels (rota-
ting in the direction of the separation).

2. Lapping with a grooved glass plate under random motion, using
garnet abrasives down to 5 microns grain size (BARTON). It is
essential to conduct this operation under very light pressure
to avold metal cold-flow. Consequently, this phase requires
several days of closely supervised work.

3. Final polishing with alumina (LINDE) on pitch and velvet. Fig. 12
shows four electrodes after this operation which must be ter-
minated before a granular surface develops. Thus, some surface
micro-pits usually remain (see Fig. 1k).

Examination of the electrode surfaces under a measuring microscope
resulted in the dimension of electrode and insulating sections listed
in Table I. Fig. 13 illustrated the regularity of the electrode segments.
A microphotograph of the nickel oxide-epoxy sandwich structure of elec-
trode type II is shown in Fig. 1k.

The electrode assemblies serve as holders for the electrode stacks
and contain the electrical connectors. They allow positioning the two
electrode surfaces facing each other in such a way as to provide for

their parallel alignment and spacing at variable distances. The assemblies
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Segmented Single Pore Electrodes

Total width

Total depth

Number of segments
Electrode segment depth

Insulating segment depth

Type I

5 cm

0.97 + 0.03 cm
10

930 * 25 microns

50 £ 15 microns

Ty_pe 11
5 cm

0.30 + 0.006 cm
P
520 * 25 microns

90 + 25 microns
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Fig. 12.

Fissure Pore Electrodes, Type I, in Polishing Jig
After Preparstion of Electrode Surfaces.
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Fig. 1k.

Photomicrograph of Insulating Section of
Type II Electrode Showing Nickel Oxide
Insulstors and Epoxy Bonding Layers.
Scale 10 div = 24.7 microns.
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are designed for the easy, complete filling of the fissure with electro-
lyte and for the reproducible attainment of pre-adjusted fissure openings.
For thie purpose, the arrangement sketched in Fig. 15 was used. It
rested on a precision-ground nickel plate serving as cell bottom. Both
of the electrode stacks which form the fissure are mounted on an epoxy
base blate and kept in place by an ascrylic holder. One electrode is set
in a fixed position with respect to the epoxy base plate, the other can
be retracted to a variable degree by means of a dovetail connection
between acrylic electrode holder and epoxy baée plate. After a specific
fissure opening has been attained the movable electrode is locked in
place with four screws. Only slight pressures can, however, be applied
for this purpose in order to preserve the flatness of the electrode face
but no gap must remain between epoxy base and electrode stack. The
movable electrode assembly as a whole can be shifted away from the fixed
assembly to allow filling and cleaning of the fissure. This pre-adjusted
fissure opening is easily reproduced by bringing the ground faces of the
epoxy base pleces of fixed and movable electrode to intimate contact
(under the influence of spring pressure). The latter operation also
segls the filling channel in the base of the fixed electrode. Photographs

of fixed electrode assemblies of type I and II are shown in Fig. 16.

Experimental Apparatus-Micro-fissure Cell: The cell built to contain

the fissure assemblies, electrolyte and counter-electrode is illustrated
schematically in Fig. 17. The bottom of the cell consisfs of a precision
machined nickel plate, % in. thick, on which the epoxy base plates of the
electrode assemblies rest. The cell walls are made of 1 in. acrylic sheet.

The electrolyte contained in the fissure is bounded on the bottom by the
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epoxy base pieces and on each side by an acrylic pressure plate. It is
important that these boundaries are tight and do not constitute signifi-
cant electrolyte reservoirs for the fissure. On top, the fissure is
connected to the bulk liquid which is con;ained in the cell and agitated
to assure a constant electrolyte composition at the pore entrance. A
photograph of the micro-fissure cell with the parts identified in Fig. 17,
counter-electrode and electrolyte is given in Fig. 18.

The micro-fissure cell was operated inside a nitrogen-filled thermo-
stated box in order to avoid the establishment of mixed potential due to
the presence of oxygen and the occurrence of natural convection caused

by temperature variations. The enlosure also served to protect the

light-sensitive ferri-ferrocyanide solution.

Experimental Apparatus-Potential Balancing Circuit: In order to

keep all the electrode sections at the same potential, regardless of
the current drawn from them, a balancing circuit, illustrated in Fig. 19,
was employed. The branch currents frdm the electrode sections, of which
pairs opposite to each other in the fissure are connected in parallel,
pass through variable ten turn resistors. These resistors are adjusted
to yield voltage drops in the order of 100 microvolts which are equal to
each other within 20 microvolts at steady state. Thus, the electrode
surface is maintained equipotehtial within a potential range comparsble
to spontaneous variations observed between seemingly identical electrode-
electrolyte interfaces.

The voltage drops across each variable resistor are used as a measure
of the current passing through the corresponding electrode section. For
this purpose, the resistors can slternately be connected via g selector

switch to an electronic microvoltmeter (90 megohm input impedance). The
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Fig. 18. Micro-fissure Cell with Electrode Assemblies and
Counter Electrode.
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voltage readings can be calibrated by passing known currents through any
one of the resistors. The readings of the microvoltmeter were recorded
by connecting its output to a pen recorder.

Provisions were also made for measuring the electrode potential
of any of the sections with respect to a reference connected to the bulk
electrolyte in the cell. In the experiments to be reported, the sum of
all the currents flowing between the electrode sections and the counter-
electrode was maintained by a regulated constant current power supply.

The measurement of the small currents (total in the order of 100n A)
and voltages (order of 100W V) occurring in miero-fissure experiments
requires the use of guarded leads and careful planning of all wirings to
avoid detrimental ground loop currents. One of the possible solutions to
this problem is indicated in the block diagram Fig. 20. Ail connections
to the power line are made through isolation transformers, except for one
instrument chosen for the common grounding point. In order to allow
measurements with 1 microvolt resolution, noise caused by magnetic induc-
tion in the potential balancing circuit had to be reduced by enclosing it
with a mu-metal shield. Also, all soldered connections were made with

solder giving low thermal EMF.

Results and Discussion: Current distributionsin a fissure pore
were determined with a redox electrode reaction driven in the cathodic
direction. This choice was made in order to keep fissure geometry and
electrode surface properties unchanged during the progress of the reaction.
Potassium ferricyanide was used as the reacting species in a solution
containing an equal amount of potassium ferrocyanide and an excess of

potassium hydroxide. This system had been characterized during previous
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work in this laboratory and was used in other parts of thie project
[l3,1h]. The range of variables investigated 1s listed in Teble II.

The potentials of the electrode sections were manually kept equal to
each other by adjusting the resistore of the balancing circuit as steady
state wag approached. Resulting current distributione are given in

Fig. 21 for different operating parameters. An upper current density
1imit of 20 m A/cm2 of projected pore area 1igs imposed by concurrent
hydrogen evolution.

For the observation of transient electrode behavior the settings of
the balsncing circuit for steady state were used throughout the transient
period. This resulted in temporary potential variations between sections
in the order of 100 microvolts. A typical example of transient behavior
observed by this technique is shown in Fig. 22.

The experiments have demonstrated the feasibility of the fissure
concept for single pore electrode studies. Current distribution into
the depth of a fissure pore can be determined by the messurement of
branch currents from electrode sectione, which are kept equipotential by
a balancing circuit.

The major limitation of the described equipment lies in the segmented
electrodes. Their design allowed the attainment of the desired high
mechaniéal precislon immedistely after fabrication, however, this pre-
cision could not be maintained o&er extended periods of time due to
material properties of the laminated siructure, such asg plastic deforma-
tions and chemical sttack. Also desirable is a reduction of inherent
potential differences observed between electrode sections in the absence

of external current.

GE IS
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Parameters for Fissure Pore Experiments

Table IT.

Electrode Type Electrolyte* Fissure Opening,t Total Current,dA

I

IT
I1
1T

n PP N -

Electrolyte composition:

No. KOH KhFeQUN)6

1 1.70M  0.10M
2 0.85M  0.10M

200
620
200
50
K3Fe(CN)6
0.10M
0.10M

10-~500
15-1000
50-500
50-200

50
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In order for the fissure to be a realistic model of a straight,
cylindrical pore of equivalent diameter, mase transport by convection
should not be induced in the fissure. For this reason, stirring of the
bulk electrolyte, although desirable for establishing known concentrations
at the pore entrance, was found not feasible. Instead, a thin, glass
filter plate (coarse, 1.5 mm thick), placed over the pore entrance gave
evidence of stabilizing the fluid in the fissure without significant
effects otherwise. Under conditions of high total current (> 100uA) and
large fissure opening (> 2004) a current reversal could be observed in
the lower-lying sections of the fissure electrode after prolonged periods
(1 hr) of electrolysis. This appears to be an artifact of the fissure
model and may be caused by the accumulation of reduced species in the
bottom due to natural convection in the fissure and from the counter-
electrode.

The observed greatly uneven current distribution in favor of the
front electrode section points to the degirability of a finer electrode
division or a less reversible, more spreading reaction. An improved
spatial resolution of current distribution is necessary for a critical

comparison with theoretical predictions.

Acknowledgement: The mechanical construction of this apparatus was

carried out in part in the shops of the Lawrence Radiation Laboratories,

under the sponsorship of the Inorganic Materials Research Division.

Reaction Distribution in a Dissolving Porous Anode

It has become evident that present experimental techniques are not
capeble of providing adequate information about the nature of the distribu-

tion of reaction within flooded porous electrodes. A large portion of
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this study has been aimed at developing and evaluating new experimental
methods which would be capable of determining the desired characteristics
of porous electrode behavior. The two methods reported above employed
sectioned electrodes which were fabricated from thin wafers of electrode
material insulated one from another. The method, to be described here,
measured the reaction distribution without sectioning or otherwise altering
the electrode before and during operation. It was thus necessary to
choose an electrode which, upon electrolysis, changed in a manner which
permitted evaluation of the reaction distribution throughout the porous
body. The dissolving porous metal anode satisfied these criteria since
the change in porosity distribution, due to electrolysis, was equivalent
to the time-average reaction distribution. For electrodes with a uniform
initial porosity, the change required measurement of the post-electrolysis
distribution. As long as the porous matrix changed but slightly, the

predictions of available theoretical models should apply.

Experimental Design: The porous body under investigation had to be

rrepared in such a way that it could be characterized in a simple manner.
Spherical particles of uniform diameter were used in fabricating the
sintered electrode since the resulting specific surface ares, cme/cm3,
was easily calculated. Electrodes were prepared so that the initial
porosity distribution was unifbrm to within two particle diameters of the
external surface.

If the anodic reaction product were insoluble, it would be evident
that the interior surface of the electrode would become coated and,
eventually, the pores clogged with the insoluble salt. This situation

is unsatisfactory when a simple characterization of the porous body is



25

desired. Since basic metal salts are insoluble in aqueous systems of
electrochemical interest, neutral or acidic systems are used. There
should be only one reaction occurring throughout the electrode; metals
having more than one stable ionic form, for instance, cannot be used with
confidence.

A ternary electrolyte was used which was dilute with respect to the
reacting species and concentrated with respect to inert species. The
physical properties of such an electrolyte do not vary greatly with
concentration changes resulting from reaction. Since the conductivity
was high, homogeneous heat generation (IQR loss) was low; since the con-
centration of reacting specles was low, the tendency of the solid metal
salt to precipitate within the electrode pores was reduced.

Following the considerations outlined above, the acid copper systems
(Cu, CuS0,,, stoh) was chosen for study. Porous copper electrodes were
fabricated from spherical copper powder of uniform particle diameter
50 microns.

It is apparent that the geometry of the electrolysis chamber and
the hydrodynamic conditions external to the electrode affect greatly the
behavior of the electrode. It becomes convenient, in the characterization
of these factors, if the electrode is subject to such an environment
that it behaves in a one-dimensional manner. Evidently the current
density, at the external surface, should be uniform across the entire
surface.

As in the first experimental study, a rectangular electrolysis
chamber was used where the porous electrode and the counterelectrode
occupied opposite sides. In such a chamber, assuming that there was no

convective motion in the electrolyte and ignoring edge effects, the
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current density would be uniform over the external surface of both
electrodes. However, there would usually be a natural convective motion
in the electrolyte so that the current would be unevenly distributed
across the surface of the electrode. A hydrodynamic arrangement wherein
there was uniform mass transfer over the externsl surface of the porous
electrode was superimposed. This dominated natural convection in the
cell. Such a uniform flux was established in well developed (steady)
mass transfer from the wall of a square duct into a turbulent fluid.

So that the porous electrode of interest was not exposed to the
mass transfer entrance region, as had happened in the first experimental
method, a second porous electrode, designated the buffer, was placed
immediately upstream from the electrode of interest. Calculations,
based on the analogy of Deissler [15], indicated that the buffer elec-
trode should be three channel diameters in length. When fluid enters
a flow channel, the velocity distribution undergoes rearrangement over
a distance, near the entrance, which is typically 50 to 100 channel
diameters in length for turbulent flow. Consequently the electrodes were
placed 150 channel diameters downstream from the entrance of the channel.

After electrolysis, the void spaces in the electrode were filled
with a hard material in order to maintain the structural integrity of
the original matrix during sectioning. The electrode was subsequently
sectioned and thereby made gvailable for microscopic examination. This
work has not been described elsewhere, and will therefore be reported in

some detail.

Experimental Apparatus: Porous copper plates, fabricated from

spherical particles of order fifty micron diameter, and prepared by
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sintering in a reducing atmosphere, were obtained.* Individual electrodes
were cut from these plates; the specimen electrodes were 8 cm long,

2 cm wide and 1 cm deep, whereas the buffer electrodes were 6 cm long,

2 cm wide and 1 cm deep.

The electrodes were fastened to g melamine supporting plate using
nylon screws. Electrical contact was made by means of solid copper
backing plates situated between the electrodes and the supporting plate.

The flow channel, shown in Fig. 23, was fabricated from lucite.

The electrolyte entered the 2 x 2 cm channel ﬁnd flowed three meters
before passing over the, electrodes which were positioned in the electroly-
sis chamber located at the right-hand end of the channel. After passing
over the electrodes, the electrolyte emptied into & surge chamber and

was subsequently recirculated. In the channel, the Reynolds number

was 3750. To prevent side reactions, due to the presence of oxygen,

the electrolyte was blanketed with nitrogen.

A diagram of the electrical circuit is shown in Fig. 24. The speci-
men electrode was driven anodically by a constant current power supply;
The buffer electrode was controlled by a potentiostat using, as the
reference potential, the potential of the specimen electrode. The poten-
tial difference between the two electrodes was maintained at less than
50 micrévolts. The current passing through each electfode was deter-
mined by measuring the voltage across 0.1 ohm precision resistor, using

a potentiometric recorder.

Mott Metallurgical Corporation, 272 Huyshope Avenue, Hartford,
Connecticut.
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Fig. 23. Flow Channel for Dissolving Porous Anode Experiments.
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Experimental Procedure: 1In preparing the electrodes, all machining

operations were performed with tools which were degreased with hexane;
no cutting lubricants were used and the electrodes were handled with
degreased gloves.

It was found that the electrodes, as supplied, exhibited a region
of nonuniform porosity, near the external 8 x 2 cm surface, which was
approximately 250 microns thick. This region was removed by milling
20 mils off the original surface. This resulted in smegring a thin layer
of copper near the remsining éxternal surface; this smeared layer was
removed by immersing the electrode in 1.5M stoh and passing anodic
current of high density (1 a/cm?) through the electrode for a@proximately
60 seconds.

A blank was then removed from the downstream end of the specimen
electrode; subsequent examination of this blank permitted determination
of the initial porosity distribution. Both electrodes were thoroughly
rinséd, dried and weighed; these operations were repeated until the
weight of the electrodes was reproduced to 1 mg.

Both electrodes were mounted on the supporting plate and flooded
with electrolyte, using vacuum; the flooded electrodes were then mounted
in the wall of the flow channel.

The electrolyte (20 liters of 1.5M Hasoh) vas prépared from distilled
water and reagent grade acid. Nitrogen was sparged through the flow
system for 24 houré prior to the experiment. Thé pump was actuated and
"the temperature of the electrolyte was adjusted to 25 * 1°C by means of
a8 cooling unit in the flow line. The flow rate through the channel was
adjusted to.S l./min.

The constant current power supply was turned on and adjusted to
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deliver the desired current to the specimen electrode; the potentio-
stat was then turned on and the potential difference between the porous
electrodes adjusted to zero (%50 uv). The two anodic branch currents
(determined from the voltage drops across the 0.1 ohm resistors) were
alternately measured on the one-track potentiostatic recorder.

After electrolysis the electrodes were removed from the flow channel
and the cycle of rinsing, drying and weighing operation was repeated
until the weight of both electrodes was reproduced to *1 mg. The buffer
electrode was then set aside and not treated further.

In order to support the structural integrity of the porous matrix
during subsequent sectioning, the pores of both the specimen electrode
and the blank, removed previously, were filled with epoxy embedding
material.* This resin is chemically inert, extremely hard, and expands
less than 1% during curing. The internal structure of the cast electrode
was exposed by cutting, with a band saw, perpendicular to the reaction
face (8 x 2 cm side) so that a 2 x 1 cm section was exposed. The exposed
face was then sanded, polished and lapped on a glass flat with lens
grinding powder. These smoothing operations resulted in the smearing of
copper over the exposed face; this smeared layer was removed by immersing
the sample in an etchant, at ambient temperature, composed of 4 gm Cr03,

0.8 gm 'NHLLCl, 5 ml HNO3, and 5 ml H2SOA in 90 ml HQO. This treatment

exposed a well-defined portion of the speclimen electrode for subsequent
microscopic examination.
A metallurgical microscope, with camera attachment, was used to take

high contrast photomicrographs at 132 diameter magnification. A composite

Ciba Araldite resin, obtained from R. F. Cargille Laboratories,
33 Factory Street, Cedar Grove, New Jersey.
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map of a portion of the exposed surface, which included the external
surface, was constructed from some thirty photomicrographs. The map
depicted an area of the exposed surface of sbout 6 x 1 mm; the map itself,
however, measured approximately 75 x 20 cm. A portion of such a map is
shown in Fig. 25.

Because the experiment was so designed that the electrode reaction
was a function of depth in the electrode only, the porosity at any depth
in the electrode should be uniform throughout the electrode. Then,
because of the randomness of the spheres, the linear porosity was equi-
valent to the true (area) porosity as long as the measurement was made
parallel to the superficial surface. This was accomplished by scribing a
line parallel to the line through the superficial surface, measuring the
total length of the line which covers void spaces, and measuring the total
length of the line itself. The linear porosity, then, was the ratio of

these two lengths.

Results and Discussion: A total of six electrolysis experiments

were conducted: the experimental conditions are tabulated in Table III.
The purpose of the experiments was both to investigate the capabilities
and limitations of the method and to refine the technique. The partial
results. derived in the experiments were evaluated in this context and
were not applied to the investigation of the particular system involved.
In the first three experiments, it was apparent that a considerable
portion of the original external surface of the electrode had disappeared
during reaction; the weight differences, before and after electrolysis,
were greater than the corresponding Faradaic losses. It was reasonable

to expect that the apprecialbe non-Faradaic losses were due to exfoliation
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TABLE IIT.

6h

Summary of Experimental Conditions

Experiment Number

Current Density on Super-
ficial Surface Area of
Specimen Electrode, ma/cm

Duration of
Electrolysis, minutes

Nl Fow N

Temperature:
Acid Concentration:

Flow Rates:

50
25
10
10
10

p)

25 + 1°C
1.5 M

P
370
110
150
120
120

Flow channel, 5.0 1./min (21 cm/sec)

Counterelectrode compartment, 0.1 1./min
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of copper particles when the bridges between particles dissolved and
those near the external surface broke away and were swept down the flow
channel.

In Experiment 4, after electrolysis, the electrode was filled with
epoxy and examined at three positions situated 3.0, 6.5, and 7.0 cm
downstream from the leading edge. The data described a band which was
essentially S-shaped wherein the rounding at the front end (near the
external surface) was on the order of one particle diameter (50u). The
values of porosity in the depth of the electrode (past 500n) were, for
the three positions respectively, 37.9 * 0.8%, 35.5 t 1.1%, and 34.0
* 1.0% at the 95% confidence level.

The difference between the initial and the final porosity distribu-
tion, integrated over the electrode, gives the apparent losses due to
electrolysis. Assuming that the initial porosity was uniform and equal
to the value in the depth, at each position, the resulting apparent
losses (83, 122, and 101 mg/cm2 at the three stations, respectively)
were far greater than the Faradaic loss (29mg/cm2). It was thought, at
the time, that the discrepancy was due to a nonuniform initial distribu-
tion, which had not been measured for this experiment. However, a portion
of the same plate, from which the electrode was originally cut, was later
examined. From this examination it was apparent that the porous matrix
before electrolysis exhibited a nonuniform region, near the surface,
of approximate thickness 250u. Assuming that this initial distribution
was the same over the entire electrode surface prior to electrolysis,
the apparent losses (4k, 83, 62 mg/cme, respectively) were still greater

than the Faradaic losses.
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Experiment 5 was conducted at an electrolysis rate of 1C ma/crn2
for a duration of 120 minutes, corresponding to a Faradaic loss of 235 mg.
The actual weight loss, however, was 1.139 gm at the specimen electrode.
Since the apparent non-Faradaic loss was considerable, the microscopic
examination of the final state of the electrode was not conducted.

Prior to the electrolysis of Experiment 6, the specimen electrode
was machined to remove the nonuniform surface layer as discussed pre-
viously. The initial distribution, determined from the blank, is shown
in Graph (a) of Fig. 26; the mean porosity is 33.8 % 0.1% at the 95%
confidence level. Electrolysis was conducted at a rate of 5 ma/cm2 and
a duration of 120 minutes, corresponding to Faradaic losses, at the
specimen electrode, of 146 mg. The electrodes gained weight after each
cycle of weighing operations, indicating that oxidation products were
accumulating within the electrode and were contributing a detectable
portion to the overall weight. The total accumulation, as observed, was
approximately 10% of the total weight loss which was, for the specimen,
31k ng.

After electrolysis, the electrode was filled with epoxy and sectioned
at three positions situated 1.4, 3.1 and 5.0 cm downstream from the
leading edge. The porosity data from the analyses, fespectively, are
shown in Graphs (b), (c¢), and (d) of Fig. 26. The values of porosity
in the depth (past 350u) are, for the three positions respectively,
33.9 + 3.0%, 29.9 * 1.9%, and 42.2 * 1.1% at the 95% confidence level;
evidently there wgs a considerable variation in porosity from point to
point along the electrode which could have been due only to gross non-

uniformity in the électrode prior to electrolysis.
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Assuning that the initial porosity was uniform and equal to the
value in the depth (past 350u) at each position, the integration of the
data indicated that the apparent losses (5.9, 28.6 and 9.4 mg/cme,
respectively) agreed with the Faradaic losses (10.1 mg/cme) more so than
the results of Experiment 4; however, the agreement was in no way quan-
titative.

The data indicated, in a qualitative manner, that the bulk of reac-
tion took place very near the external surface which was as expected.
However, because of exfoliation of the surface, the microscopic analysis
did not give reproducible characterizations of the reaction distribution.
A better procedure would be to use electrodes which would not exfoliate
and to use a system for which the reaction would be more distributed
throughout the depth of the porous body.

On the basis of the experiments described in the previous section,
it was found that reaction distributions can be determined which are
in qualitative agreement with present theories. It was demonstrated that
electrolysis experiments can be conducted in such a way that the elec-
trode behavior is well-characterized. However, secondary effects, due
largely to the fabrication of the electrode material, have obscured
quantitative results.

The electrodes, even if manufactured perfectly, would tend to
exfoliate when bridges between copper particles dissolve and the particles
near the surface tend to break away from the electrode and be swept down
the flow channel. In addition, the manufacturer of the electrodes was
unable to supply porous bodies with a homogeneous uniform porosity;
alternate manufacturers were not found, although some twenty firms were

approached.



A considerable improvement in the technique would be to conduct
electrolysis with electrodes of different structure such that nonuniformity
and exfoliation would be reduced. It is possible that these shortcomings
would be overcome by the use of electrodes fabricated by sintering together
a packet of small diameter wires. The void spaces within the packet
(between the wires) would constitute the pores which, depending upon the
placement of the wires, could be made more or less straight.

Although the acid copper system 1s convenient in some respects,
it nevertheless has a serious disadvantage in that the exchange current
density 1s very high. As mentioned in the theoretical section above, the
exchange current density is proportional to the parameter £ so that, for
large values, the reaction distribution is highly nonuniform. It would
be more suitable to use a system for which the exchange current density
is lower but which, at the same time, would have the desirable characters
discussed under experiment design.

The measured loss in electrode weight was affected by the formation
of oxide during the operations involved in preparing the electrodes for
weighing. A better procedure would be to perform such operations in an
inert or reducing atmosphere.

In view of the results reported above, it should be possible to
modify the technique to such an extent that guantitative results might be
obtained. Such modification would include the use of wire electrodes,
the use of a system with lower exchange current density, and the use of

an inert atmosphere in the weighing operations.
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CONCLUDING REMARKS

The foregoing summary of the research work performed under this
grant cannot but leave the reader with the impression that major gaps
still exlist in our knowledge of the dynamic behavior of porous electrodes.

As far as theory is concerned, the quantitative description of the
dynamic behavior of flooded porous electrodes is in a completely satis-
factory state only with respect to the rather impractical case where the
electrode matrix is invariant. In actuality, practically all important
flooded systems involve changes in matrix configuration and local elec-
trode kinetics as the charging (or discharging) progresses. While it is
entirely possible to establish appropriate treatments for the simplest
systems involving change of configuration (such as the dissolution or
deposition of a metal in the matrix), it is highly doubtful whether
complete description of electrodes involving more complex reactions (such
as the formation of an oxide from the metal, etc.) 1is possible, or if
possible, worth the effort. However, the theoretical framework that has
emerged as a result of this work should at least serve as a good starting
point for designing meaningful experiments involving the more complex
practical systems. Thus, even if complete mathematical description of
these complex practical systems is not possible, at least a good basis
exists for empirical correlation of electrode performance and design
and scale up of electrodes.

The experimental approach to the characterization of the behavior
of porous electrodes, in particular the determination of reaction distri-
bution, still leaves much to be desired. The experimental difficulties

assocliated with work on systems of realistic scale are quite formidable,
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both in respect to the mechanical design and the electrical measurements.
Unfortunately, since the criteria of similarity prohibit any extensive
scale up, experiments with geometrically expanded experimental models
cannot yield meaningful information about the behavior of porous elec-
trodes of practical significance.

The importance of careful consideration of mass transport and local
kinetic effects in the depth of porous electrodes cannot be overemphasized.
Some simplifications, such as that of one-dimensional geometry, are quite
generally valid while many others, particularly the often-encountered
condition of uniform electrolyte composition, are seldom satisfactory.

In the calculating of the performance of such electrodes, the use of
approximations, valid over a narrow range of current densities, to the
best available electrode kinetic expression must be avoided. Because of
the wide range of reaction conditions existing simultaneously in an
operating porous electrode, such simplifications generally lead to com-
pletely spurious results. In analyzing flooded porous electrodes, each
system must be considered in detaill and conclusions drawn from vastly

simplified treatment of special cases must be avoided.
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CONTINUATION OF RESEARCH INITIATED UNDER THIS GRANT

Research concerning the dynamic behavior of flooded porous elec-
trodes is being continued under the sponsorship of the Inorganic Materials
Research Division of the Lawrence Radiation Laboratory, University of
California, in two areas:

1. Determination of reaction distribution in a dissolving metal

anode.

2. Characterization of flooded electrode behavior for cases where

simple changes in matrix configuration occur during operation.
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